A B S T R A C T The mechanisms of postprandial glucose counterregulation-those that blunt late decrements in plasma glucose, prevent hypoglycemia, and restore euglycemia-have not been fully defined. To begin to clarify these mechanisms, we measured neuroendocrine and metabolic responses to the ingestion of glucose (75 g), xylose (62.5 g), mannitol (20 g), and water in ten normal human subjects to determine for each response the magnitude, temporal relationships, and specificity for glucose ingestion. Measurements were made at 10-min intervals over 5 h. By multivariate analysis of variance, the plasma glucose (P < 0.0001), insulin (P < 0.0001), glucagon (P < 0.03), epinephrine (P < 0.0004), and growth hormone (P < 0.01) curves, as well as the blood lactate (P < 0.0001), glycerol (P < 0.001), and fB-hydroxybutyrate (P < 0.0001) curves following glucose ingestion differed significantly from those following water ingestion. However, the growth hormone curves did not differ after correction for differences at base line. In contrast, the plasma norepinephrine (P < 0.31) and cortisol (P < 0.24) curves were similar after ingestion of all four test solutions, although early and sustained increments in norepinephrine occurred after all four test solutions. Thus, among the potentially important glucose regulatory factors, only transient increments in insulin, transient decrements in glucagon, and late increments in epinephrine are specific for glucose ingestion. They do not follow ingestion of water, xylose, or mannitol. Following glucose ingestion, plasma glucose rose to peak levels of 156±6 mg/dl at 46±4 min, returned to base line at 177±4 min, reached nadirs of 63±3 mg/ dl at 232±12 min, and rose to levels comparable to base line at 305 min, which was the final sampling point. Plasma insulin rose to peak levels of 150±17 ,uU/ml (P < 0.001) at 67±8 min. At the time glucose returned to base line, insulin levels (49±12 ,uU/ml) remained fourfold higher than base line (P < 0.01); thereafter they declined but never fell below base line. Plasma glucagon decreased from 95±14 pg/ml to nadirs of 67±11 pg/ml (P < 0.001) at 84±9 min and then rose progressively to peak levels of 114±17 pg/ml (P < 0.001 vs. nadirs) at 265±12 min. Plasma epinephrine, which was 18±4 pg/ml at base line, did not change initially and then rose to peak levels of 119±20 pg/ml (P < 0.001) at 271±13 min.
INTRODUCTION
Following its ingestion, glucose is absorbed and the plasma glucose concentration rises. Because glucose utilization accelerates and endogenous (hepatic) glucose production is markedly suppressed, the plasma glucose concentration begins to decline long before glucose absorption is complete (1) and falls below baseline levels. As this occurs, glucose utilization diminishes and, as glucose absorption ceases, endogenous glucose production rises, thereby returning the plasma glucose concentration to the base-line level. Clearly, endogenous glucose production must exceed glucose utilization to achieve this late rise in plasma glucose.
The regulatory mechanisms that accomplish this transition from exogenous glucose delivery to endogenous glucose production, and thus blunt the decline in plasma glucose, prevent hypoglycemia, and restore euglycemia, have not been fully defined. The wellestablished fact that, after glucose ingestion, plasma insulin concentrations are substantially above basal levels at the time when plasma glucose returns to base line (2) (3) (4) (5) (6) , suggests that this transition is not solely attributable to a fall in insulin levels. Thus, factors that actively raise the plasma glucose concentration-glucose counterregulatory factors-are probably involved.
Theoretically, glucose counterregulatory factors could be hormonal, neural, autoregulatory, or a combination of these. Potentially important hormones include glucagon and epinephrine, and perhaps cortisol and growth hormone. Potentially important neural factors include norepinephrine released from sympathetic postganglionic neurons within the tissues. Lastly, evidence that hepatic glucose production is an inverse function of the plasma glucose concentration independent of hormonal and neural regulation (7) (8) (9) (10) suggests that glucose autoregulation (11) is a potentially important glucose counterregulatory factor. Recent studies of the mechanisms of hypoglycemic counterregulation in human subjects (12) (13) (14) (15) (16) indicate that glucagon plays a primary role in promoting glucose recovery, that epinephrine largely compensates for deficient glucagon secretion, and that recovery from hypoglycemia fails to occur only in the absence of both glucagon and epinephrine. The extent to which these findings can be extrapolated to nonhypoglycemic glucose counterregulation is not known. However, plasma glucose decrements to levels not generally considered to represent hypoglycemia do stimulate release of glucagon, epinephrine, and other potentially important glucose counterregulatory factors (17) (18) (19) (20) .
To define the neuroendocrine responses to glucose ingestion and determine their specificity for glucose ingestion, their temporal relationships, and their quantitative aspects, we measured plasma levels of potentially important glucose counterregulatory factors at frequent intervals after ingestion of glucose, water, xylose, and mannitol by normal human subjects. (26) , glycerol (27) , ,-hydroxybutyrate (27) , and alanine (28) .
Statistical methods. The approach to the statistical analysis of the data is analogous to that treated in the statistical literature under the rubric of "growth curve analysis". This approach eliminates both the multiple comparisons difficulties associated with t tests performed at each time period and the lack of independence of the observations from one time point to the next. Each parameter of interest was subjected to a polynomial regression on time for each subject, under each condition. A sixth degree polynomial was determined to adequately describe the individual time curves. Thus it yielded seven estimated parameters for each subject, under each condition. These seven parameters were then utilized as the dependent variables for a multivariate analysis of variance (MANOVA). The MANOVA yielded overall tests of whether the four conditions taken together were different and also, three specific contrasts of primary interest: water vs. glucose ingestion, water vs. xylose ingestion, and water vs. mannitol ingestion. Each of these MANOVA effects was evaluated with the Hotelling-Lawley trace criterion and all calculations were performed using SAS79.5 (29) . Logarithms of the plasma and blood concentrations were used for the polynomial regressions to control variance heterogeneity. An overall variance estimate within time point and within conSpecific Neuroendocrine Responses to Glucose Ingestion dition was made and the pooled variance estimate was utilized to conduct t tests at each time point to further define the specific differences detected by the overall tests. The entire procedure was repeated when the original parameters were replaced with values expressed as differences from base line (the average of times -55, -40, -25, and -10 min). t Tests for differences from base line were also calculated using the pooled variance term. The data were analyzed both before and after correction for differences at base line. Baseline correction was accomplished by subtraction of the average of the base-line values from each postingestion value.
Selected variables were further analyzed by calculation of the average of individual base line, peak, and nadir values, and the average of values at the time at which plasma glucose returned to base line and that at which it reached its nadir in each individual. Comparisons were performed with a t test for paired data. Mean times for the individual peaks and nadirs were also calculated.
Data are expressed as the mean±SE throughout the manuscript.
RESULTS
Specificity for glucose ingestion. Mean (±SE) plasma glucose, insulin, glucagon, epinephrine, growth hormone, and norepinephrine concentrations before and after ingestion of water, glucose, xylose, and mannitol are shown in Fig. 1-6 .
Multivariate analysis of variance (Table I ) disclosed that changes in plasma glucose, insulin, glucagon, epinephrine, and growth hormone and in blood lactate, glycerol, and f3-hydroxybutyrate are specific for glucose ingestion. The curves for these variables following glucose ingestion differed significantly from those following water ingestion, whereas those following xylose or mannitol ingestion did not.
After glucose ingestion, plasma glucose concentrations ( Fig. 1) were significantly higher than control values (after water ingestion) and above base line from 5 through 155 min; glucose levels were lower than control values from 225 through 295 min and below base line from 225 through 305 min. Plasma insulin concentrations (Fig. 2) rose promptly after glucose ingestion and were significantly higher than control values and above base line through 235 min. Thus, on the average, hyperinsulinemia lasted 80 min longer than hyperglycemia after glucose ingestion. Notably, plasma insulin levels never fell below control or baseline values. Plasma glucagon concentrations (Fig. 3 ) declined transiently after glucose ingestion. Glucagon levels were lower than control values from 15 In contrast to these glucose-specific variables, changes in plasma norepinephrine (Fig. 6) , cortisol (not shown), blood alanine (not shown), and blood pressure and heart rate (not shown) were not specific for glucose ingestion.
Plasma norepinephrine curves were similar after ingestion of all four test solutions. Plasma norepinephrine concentrations (Fig. 6) (Fig. 4) , which was unchanged early and rose late only after glucose ingestion.
The relationship between plasma glucose and plasma insulin, and glucagon and epinephrine are highlighted in Fig. 7 crements in plasma epinephrine to values of 33±9 pg/ ml at the time that glucose returned to base line were not statistically significant when analyzed in this fashion, although mean plasma epinephrine levels after glucose ingestion significantly (P < 0.001) exceeded those after water ingestion beginning at 175 min and significantly (P < 0.001) exceeded base-line levels beginning at 155 min after glucose ingestion. Epinephrine levels were significantly elevated at 48±8 pg/ml (P < 0.01) at the glucose nadirs (232±12 min) and reached peaks of 119±20 pg/ml (P < 0.001) at 271 ±13 min.
DISCUSSION
These data document that increments in plasma insulin, transient decrements in plasma glucagon, and late increments in plasma epinephrine, and perhaps growth hormone follow glucose ingestion and are specific for glucose ingestion since they do not follow water, xylose, or mannitol ingestion. Similarly, transient increments in blood lactate and transient decrements in blood glycerol and f3-hydroxybutyrate are specific for glucose ingestion. In contrast, early and sustained increments in plasma norepinephrine are not specific for glucose ingestion; they also follow xylose, mannitol, and water ingestion. It is reasonable to assume that these neuroendocrine responses reflect changes in release, rather than clearance, of insulin, glucagon, epinephrine, growth hormone, and norepinephrine. Stimulation of insulin secretion after glucose ingestion is, of course, well recognized (2-6). Similarly, transient suppression of glucagon secretion (30) and late stimulation of growth hormone secretion (31) after glucose ingestion have been described. With respect to the latter, the marked variation in plasma growth hormone under all conditions in the present study warrants comment. Indeed, with correction for differences at base line, plasma growth hormone curves following glucose ingestion were not significantly different from those following water ingestion by multivariate analysis of variance.
Increments in plasma norepinephrine concentrations following glucose ingestion have been reported by at least three groups of investigators (32) (33) (34) (35) . In general, these norepinephrine increments occur within the first 15-30 min after glucose ingestion and norepinephrine levels do not return to base line through 180-240 min after glucose ingestion. Our results further confirm this pattern. Previous investigators have considered the norepinephrine response to be specific for glucose ingestion because it was not found to follow protein or fat ingestion (34); significant norepinephrine increments followed water ingestion in one study (33) , but not in a second study from the same group (34) , or in an earlier study (32) . Perhaps because of our frequent sampling, we find that increments in plasma norepinephrine are not specific for glucose ingestion; they follow ingestion of water, xylose, and mannitol as well as glucose. The mechanism responsible for the increments in circulating norepinephrine is unclear. Although changes in plasma norepinephrine can result from changes in norepinephrine release from sympathetic postganglionic neurons, the adrenal medullae, or both (36) , the temporal dissociation between the increments in plasma epinephrine (late) and those in plasma norepinephrine (early and sustained) that follow glucose ingestion is most consistent with a neural origin of the increments in plasma norepinephrine. The norepinephrine increments that follow water ingestion and the absence of an initial decrement in blood pressure after ingestion of any of the four test solutions make it clear that an osmotic mechanism is not the only stimulus to norepinephrine release. Thus, it would appear that other stimuli, such as deglutition or gut distention, trigger a sympathetic neural reflex that results in norepinephrine release.
Welle et al. observed no increments in plasma epinephrine after glucose ingestion in their initial study (33) , although they took samples infrequently (hourly after the first hour) and only through 180 min. In their second study (34) , these investigators observed increments in plasma epinephrine at 240 min after glucose ingestion, but judged these to be spurious in part because they did not appear to be specific for glucose ingestion. Kleinbaum and Shamoon (35) observed an increase in plasma epinephrine later after glucose ingestion but did not fully assess the specificity of that response for glucose. The present data demonstrate plasma epinephrine increments to levels significantly higher than control values (water ingestion) and significantly above base-line levels late after glucose ingestion. Furthermore, they document that the late increments in epinephrine are specific for glucose ingestion; they do not follow ingestion of xylose, mannitol, or water. These epinephrine increments are most plausibly attributed to the decreasing plasma glucose concentration (17) (18) (19) (20) that follows initial hyperglycemia after glucose ingestion.
How might these findings relate to the mechanisms of nonhypoglycemic glucose counterregulation-those that blunt the decline in plasma glucose, prevent reactive hypoglycemia, and restore euglycemia-late after glucose ingestion? Because hyperinsulinemia persists nearly 1.5 h longer than venous (37) hyperglycemia and plasma insulin levels never fall below base line after glucose ingestion, and given also that the responsiveness to insulin does not diminish during sustained hyperinsulinemia of similar duration (38) and that the action of insulin persists after plasma insulin Specific Neuroendocrine Responses to Glucose Ingestion 275 falls to base line (39, 40) (41) .
In contrast, both glucagon and epinephrine are known to exert their hyperglycemic actions rapidly, and late increments in their plasma concentrations are specific for glucose ingestion and temporally related to the glucose counterregulatory phase. Although the observed changes in peripheral plasma glucagon are rather small, changes in portal glucagon are undoubtedly greater; the data of Fradkin et al. (42) suggest that hepatic glucose production is a function of changes in glucagon rather than the glucagon concentration per se. Yet, although the late increments in plasma epinephrine are substantial (approximately sixfold), the plasma concentrations do not commonly achieve those levels required to alter basal glucose metabolism (43) . In our judgment, this makes it unlikely that epinephrine plays a counterregulatory role when other systems are intact. However, when it is infused to plasma levels lower than the peak values we observed, epinephrine has been reported to impair glucose tolerance (44) and it may interact synergistically with other hormones, including glucagon, in its hyperglycemic actions (45, 46) .
The increments in blood glycerol and 13-hydroxybutyrate, on the other hand, may reflect actions of epinephrine since they occur at a time when insulin levels are not below base line and epinephrine levels have achieved concentrations known to stimulate lipolysis and keytogenesis in man (43, 47) .
In summary, the data indicate that the glucose counterregulatory process late after glucose ingestion is not solely attributable to dissipation of insulin and that neither sympathetic neural norepinephrine nor the hormones cortisol or growth hormone play critical roles. They are consistent with, but do not establish, physiologic roles for glucagon, epinephrine, or both in that process. Studies designed to assess the roles of glucagon and epinephrine are the subject of the report that follows.
